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The hadron-resonance gas (HRG) model with the mass-proportional eigenvolume (EV) corrections
is employed to fit the hadron yield data of the NA49 collaboration for central Pb+Pb collisions at√
s
NN
= 6.3, 7.6, 8.8, 12.3, and 17.3 GeV, the hadron midrapidity yield data of the STAR collab-
oration for Au+Au collisions at
√
sNN = 200 GeV, and the hadron midrapidity yield data of the
ALICE collaboration for Pb+Pb collisions at
√
sNN = 2760 GeV. At given bombarding energy, for
a given set of radii, the EV HRG model fits do not just yield a single T − µB pair, but a whole
range of T − µB pairs, each with similarly good fit quality. These pairs form a valley in the T − µB
plane along a line of nearly constant entropy per baryon, S/A, which increases nearly linearly with
bombarding energy Elab. The entropy per baryon values extracted from the data at the different
energies are a robust observable: it is almost independent of the details of the modeling of the
eigenvolume interactions and of the specific T − µB values obtained. These results show that the
extraction of the chemical freeze-out temperature and chemical potential is extremely sensitive to
the modeling of the short-range repulsion between the hadrons. This implies that the ideal point-
particle HRG values are not unique. The wide range of the extracted T and µB values suggested
by the eigenvolume HRG fits, as well as the approximately constant S/A at freeze-out, are con-
sistent with a non-equilibrium scenario of continuous freeze-out, where hadrons can be chemically
frozen-out throughout the extended space-time regions during the evolution of the system. Even
when the EV HRG fits are restricted to modest temperatures suggested by lattice QCD, the strong
systematic effects of EV interactions are observed.
PACS numbers: 25.75.Ag, 24.10.Pa
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I. INTRODUCTION
The extraction of the thermodynamic properties of
QCD is one of the major goals of relativistic heavy-ion
collision experiments. The phenomenological thermo-
dynamic models are useful in this regard and have long
been employed to estimate the temperatures reached
in the relativistic heavy-ion collisions [1–4]. The ther-
mal parameters at chemical freeze-out – the stage of
heavy-ion collision when inelastic reactions between
hadrons cease – have been extracted by fitting the rich
data on hadron yields in various experiments, rang-
ing from the low energies at SchwerIonen-Synchrotron
(SIS) to the highest energy of the Large Hadron Col-
lider (LHC), within the hadron resonance gas (HRG)
model [5–11]. It has been argued [12], that the inclu-
sion of all known resonances into the model as free
non-interacting (point-like) particles allows to effec-
tively model the attraction between hadrons. Such
formulation, a multi-component point-particle gas of
all known hadrons and resonances, is presently the
most commonly used one in the thermal model anal-
ysis.
HRG models which take into account the repul-
sive interactions between hadrons are also available.
The HRG model with repulsive interactions have been
compared with the lattice QCD data [13–15], and it
has recently been shown in Ref. [16] that the inclu-
sion of the repulsive interactions into the HRG model
in the form of a multi-component eigenvolume pro-
cedure can significantly change the values of chemical
freeze-out temperature at µB = 0 while improving the
agreement of the fit with the ALICE hadron yield data
as compared to the point-particle HRG. The analysis
reveals a surprisingly strong sensitivity of the ther-
mal fits at LHC to the modeling of eigenvolume in-
teractions, leading to a large systematic uncertainty
in the determination of chemical freeze-out tempera-
ture. In the present work we perform a similar analysis
at the finite (baryo)chemical potential by considering
the data on hadron yields in Pb+Pb and Au+Au col-
lisions of NA49 and STAR collaborations. In order to
study the sensitivity of the obtained results we use two
different formulations of the multi-component eigen-
volume HRG.
2II. EIGENVOLUME MODELS
The repulsive interactions between hadrons can be
modeled by the eigenvolume correction of the van
der Waals type, whereby the volume available for
hadrons to move in is reduced by their eigenvolumes.
Such a correction was included into the hadronic
equation of state first in Refs. [17–19], while the
thermodynamically consistent procedure for a single-
component gas was formulated in Ref. [20]. In the
present work we consider hadrons of different sizes,
thus, a multi-component formulation of the eigenvol-
ume HRG model is necessary. In our study we use two
different formulations. Since both of these formula-
tions are rigorously derived only for the case of Boltz-
mann statistics we will neglect the effects of quantum
statistics in the present work.
A. “Diagonal” eigenvolume model
The single-component eigenvolume model of
Ref. [20] was generalized to the multi-component
case in Ref. [21]. It was assumed that the available
volume of each of the hadron species is the same,
and equals to the total volume minus the sum of the
eigenvolumes of all hadrons in the system. Let us
assume that we have f different hadron species. The
pressure as function of the temperature and hadron
densities has the following form
P (T, n1, . . . , nf ) = T
∑
i
ni
1−
∑
j vjnj
, (1)
where the sum goes over all hadrons and resonances
included in the model, and where vi is the eigenvol-
ume parameter of hadron species i. The eigenvolume
parameter vi can be identified with the 2nd virial coef-
ficient of the single-component gas of hard spheres and
is connected to the effective hard-core hadron radius
as vi = 4 · 4pir3i /3. In the grand canonical ensemble
(GCE) one has to solve the non-linear equation for
the pressure, which reads as
P (T, µ) =
∑
i
P idi (T, µ
∗
i ), (2)
where P idi (T, µ
∗
i ) is the pressure of the ideal (point-
like) gas at the corresponding temperature and chem-
ical potential, and µ∗i = µi − vi P (T, µ) is the shifted
chemical potential due to the eigenvolume interac-
tions. The vi is the eigenvolume parameter of the
hadron species i, and the number density of these
species can be calculated as
ni(T, µ) =
nidi (T, µ
∗
i )
1 +
∑
j vjn
id
j (T, µ
∗
j )
. (3)
The multi-component eigenvolume HRG model
given by Eqs. (1)-(3) is the most commonly used one
in the thermal model analysis. Since this model does
not describe properly the cross-terms in the virial ex-
pansion of the multi-component gas of hard spheres
(see details below) we will refer to it in this work as
the “Diagonal” model.
B. “Crossterms” eigenvolume model
The virial expansion of the classical (Boltzmann)
multi-component gas of hard spheres up to 2nd order
can be written as [22]
P (T, n1, . . . , nf) = T
∑
i
ni + T
∑
ij
bijninj + . . . ,
(4)
where
bij =
2pi
3
(ri + rj)
3 (5)
are the components of the symmetric matrix of the
2nd virial coefficients.
Comparing Eqs. (1) and (4) one can see that the
“Diagonal” model is not consistent with the virial ex-
pansion of the multi-component gas of hard spheres
up to 2nd order and corresponds to a different matrix
of 2nd virial coefficients, namely bij = vi. While we
do not require hadrons to be non-deformable spheri-
cal objects and expect that the “Diagonal” model to
capture the essential features of a system of parti-
cles with different sizes, the interpretation of ri as a
hard-core hadron radius can be problematic in such
model. Therefore, we additionally consider the multi-
component eigenvolume model of Ref. [23], which is
formulated in the grand canonical ensemble (GCE)
assuming Boltzmann statistics, and which is consis-
tent with the 2nd order virial expansion in Eq. (4).
The pressure in this model reads as
P (T, n1, . . . , nf ) =
∑
i
Pi = T
∑
i
ni
1−
∑
j b˜jinj
, (6)
where
b˜ij =
2 bii bij
bii + bjj
(7)
3with bij given by (5), and where the quantities Pi can
be regarded as “partial” pressures. This eigenvolume
model given by (6) is initially formulated in the canon-
ical ensemble. In Ref. [23] it was transformed to the
grand canonical ensemble. In the GCE formulation
one has to solve the following system of non-linear
equations for Pi
Pi = P
id
i

T, µi −
∑
j
b˜ij Pj

 , i = 1, . . . , f, (8)
where f is the total number of the hadronic compo-
nents in the model. Hadronic densities ni can then
be recovered by solving the system of linear equations
connecting ni and Pi:
Tni + Pi
∑
j
b˜jinj = Pi, i = 1, . . . , f . (9)
We refer to the model given by Eqs. (6)-(9) as the
“Crossterms” eigenvolume model. We note that this
“Crossterms” model is very similar to the one used
in Ref. [24]. From the technical point of view, the
“Crossterms” model is more complicated than the
“Diagonal” model: a set of coupled non-linear equa-
tions (8) needs to be solved, instead of a single equa-
tion (2) for the total pressure in the “Diagonal” model.
In practice, the solution to (8) can be obtained by us-
ing an appropriate iterative procedure. In our calcu-
lations Broyden’s method [25] is employed to obtain
the solution of the “Crossterms” model, using the cor-
responding solution of the “Diagonal” model as the
initial guess.
III. CALCULATION RESULTS
A. Some details about model implementation
In our calculations we include strange and non-
strange hadrons listed in the Particle Data Tables [26],
along with their decay branching ratios. This includes
mesons up to f2(2340), (anti)baryons up to N(2600).
We do not include hadrons with charm and bottom de-
grees of freedom which have a negligible effect on the
fit results, and we also removed the σ meson (f0(500))
and the κ meson (K∗0 (800)) from the particle list be-
cause of the reasons explained in Refs. [27, 28]. We
also omit the light nuclei. The finite width of the
resonances is taken into account in the usual way,
by adding the additional integration over their Breit-
Wigner shapes in the point-particle gas expressions.
The feed-down from the decays of unstable resonances
to the total hadron yields is included in the standard
way.
There are three conserved charges in the sys-
tem: baryon charge, electric charge, and strangeness.
Therefore, there are three corresponding independent
chemical potentials: µB, µQ, and µS . The chemical
potential of the ith hadron species is thus determined
as µi = BiµB +QiµQ + SiµS . At each fixed temper-
ature T and baryochemical potential µB , the µQ and
µS are determined in a unique way in order to sat-
isfy two conditions: the electric-to-baryon charge ra-
tio of Q/B = 0.4, and the vanishing net strangeness.
Assuming no pre-freezeout radiation, both of these
conditions are relevant for the system created in the
collision of heavy ions.
B. Eigenvolume parametrizations
As was mentioned before, the inclusion of the eigen-
volume interactions is one of the most popular exten-
sions of the standard HRG model. In most of the
analyses dealing with chemical freeze-out, which did
include the eigenvolume corrections [10, 29, 30], it was
assumed that all the hadrons have the same eigenvol-
ume. It has been established that, in this case, the
eigenvolume corrections can significantly reduce the
densities [31, 32], and, thus, increase the total system
volume at the freeze-out as compared to the point-
particle gas at the same temperature and same chem-
ical potential. For this parametrization, however, the
eigenvolume corrections essentially cancel out in the
ratios of yields and, thus, have a negligible effect on
the values of the extracted chemical freeze-out tem-
peratures and chemical potentials. If, however, one
considers hadrons with different hard-core radii, then
the ratios may change, and the fit quality can be im-
proved [16, 24, 33].
In our paper we use a bag-model inspired
parametrization of hadron eigenvolume. In this case
the hadron eigenvolume is proportional to its mass
through a bag-like constant, i.e.
vi = mi/ε0. (10)
This kind of eigenvolume parametrization had been
obtained for the heavy Hagedorn resonances, and
was used to describe their thermodynamical proper-
ties [17, 19] as well as their effect on particle yield
ratios [34]. It was mentioned in the Ref. [35] that
such parametrization would lead to an increase of the
freeze-out temperature, but that it does not entail an
improvement of the fit quality in the “Diagonal” EV
model, nor does it change other fit parameters. Note
that the eigenvolume for the resonances with the finite
4width is assumed to be constant for each resonance,
and is determined by its pole mass.
Presently not much is well-established about the
eigenvolumes of different hadron species, and it is de-
batable whether parametrization (10) is the most real-
istic one. For instance, it can be argued, that strange
hadrons should have a different (smaller) eigenvolume
compared to non-strange ones. In general, the eigen-
volumes might also depend on temperature and chem-
ical potential. In our study we would like to minimize
the number of the additional free parameters due to
the introduction of the finite eigenvolumes and we use
(10) as a simple parametrization of hadron eigenvol-
umes. The bag-like constant ε0 determines the mag-
nitude of the hadron eigenvolumes, and in our analy-
sis we vary this constant such that the corresponding
hard-core radius rp of protons (nucleons) takes rea-
sonable values. Values of rp = 0.3-0.8 fm have been
rather commonly used in the literature [21, 24, 29–
31, 33]. Additionally, the value rp ≃ 0.6 fm was ex-
tracted from the ground state properties of nuclear
matter within the fermionic van der Waals equation
for nucleons [36]. In the present work we vary the
effective proton radius in the range rp = 0.0-0.6 fm.
Note that, within the bag-like parametrization, the ra-
dius ri of any hadron i is related to the chosen value
of rp through the relation ri = rp · (mi/mp)1/3, where
mi is the mass of the hadron i.
C. Experimental data set
The thermal equilibrium EV HRG model fits are
using the hadron yield data of the NA49, STAR, and
ALICE collaborations.
The data of the NA49 collaboration include 4pi
yields of charged pions, charged kaons, Ξ−, Ξ+, Λ, φ,
and, where available, Ω, Ω¯, measured in the 0-7%most
central Pb+Pb collisions at
√
sNN = 6.3, 7.6, 8.8, 12.3,
and in the 0-5% most central Pb+Pb collisions at√
sNN = 17.3 GeV [37, 38]. The feeddown from strong
and electromagnetic decays is included in the model.
Additionally, the data on the total number of partici-
pants, NW , is identified with total net baryon number
and is included in the fit. The actual tabulated data
used in our analysis is available in Ref. [39].
The STAR data contains the midrapidity yields of
charged pions, charged kaons, (anti)protons, Ξ−, Ξ+,
Ω+Ω¯, and φ in the 0-5% most central Au+Au col-
lisions at
√
sNN = 200 GeV [40, 41]. The yields of
protons also include the feed-down from weak decays
of (multi)strange hyperons, this is properly taken into
account in the model. All other yields include the
feeddown from strong and electromagnetic decays.
We also perform the fit to the ALICE data on
midrapidity yields of hadrons in the 0-5% most cen-
tral Pb+Pb collisions at
√
sNN = 2.76 TeV [42].
This includes yields of charged pions, charged kaons,
(anti)protons, Ξ−, Ξ+, Λ, Ω+Ω¯, φ, and K0S . Since the
experimental centrality binning for Ξ and Ω hyperons
in the ALICE data is different from that of the other
hadrons, we take the midrapidity yields of Ξ and Ω in
the 0− 5% centrality class from Ref. [43], where they
were obtained using the interpolation procedure. All
these yields include the feeddown from strong decays.
D. Fitting results
Figure 1 shows the temperature dependence of the
χ2/Ndof of the fit to NA49, STAR, and ALICE data
within “Diagonal” and “Crossterms” EV models for
the value of the bag-like constant ε0 fixed to repro-
duce the proton hard-core radius rp = 0.5 fm. At
each temperature the two remaining free parameters,
namely the baryon chemical potential µB and the ra-
dius R of the system volume V = (4/3)piR3, are fitted
in order to minimize the χ2 at this temperature.
At this point, we do not enforce any limitations on
the values of T and µB in our fitting procedure. This
means, for instance, that we do not require that the
eigenvolume HRG model describes the available lat-
tice QCD data, and also that we employ no limitations
on the packing fraction η – the fraction of the total
volume occupied by hadrons of finite size. We will
come back to these issues later.
The temperature dependence of the χ2/Ndof within
the point-particle HRG (solid black line in Fig. 1)
shows a narrow minimum, and the temperature of this
minimum is slightly increasing with the collision en-
ergy. These temperature values are consistent with
numerous previous analyses within the point-particle
formulations of the HRG. The fit quality within the
point-particle HRG is not very good. This is especially
the case for the NA49 energy of
√
sNN = 12.3 GeV
with χ2/Ndof ≃ 13. We note that the fit quality in
the point-particle HRG can be improved significantly
within the chemical non-equilibrium scenario (see e.g.
Refs. [35, 44–46]), however, we do not consider this
option in the present work.
The fit quality within the two considered here eigen-
volume models is considerably better than in the
point-particle case at all energies, the best fits yield
significantly higher values of the chemical freeze-out
temperature. In Fig. 2 the temperature dependence
of the χ2 for three different values of rp, namely for
rp = 0.4, 0.5, 0.6 fm is shown for the SPS data at√
sNN = 8.8 GeV. The behavior of the χ
2 for differ-
5Table I: Summary of the fitted parameters within the point-particle HRG, and within the two eigenvolume HRG models
with mass-proportional eigenvolumes fixed to rp = 0.5 fm. No restrictions on possible values of T and µB are applied.
Full chemical equilibrium is assumed.
System Parameters Point-particle “Diagonal” EV “Crossterms” EV
rp = 0 rp = 0.5 fm rp = 0.5 fm√
s
NN
= 6.3 GeV T (MeV) 138 340 233
NA49 µB (MeV) 486 1335 838
Pb+Pb R (fm) 7.5 7.2 7.5
0-7% central S/A 13.2 14.7 14.4
E/N (GeV) 1.11 1.41 1.25
χ2/Ndof 25.6/6 18.3/6 9.1/6√
s
NN
= 7.6 GeV T (MeV) 142 275 249
NA49 µB (MeV) 427 862 767
Pb+Pb R (fm) 7.8 7.7 7.7
0-7% central S/A 15.4 16.6 17.3
E/N (GeV) 1.09 1.33 1.25
χ2/Ndof 31.2/7 23.1/7 6.9/7√
s
NN
= 8.8 GeV T (MeV) 140 307 283
NA49 µB (MeV) 391 903 822
Pb+Pb R (fm) 8.8 7.9 8.3
0-7% central S/A 17.7 19.3 19.8
E/N (GeV) 1.03 1.35 1.28
χ2/Ndof 56.5/8 44.6/8 24.5/8√
s
NN
= 12.3 GeV T (MeV) 142 353 322
NA49 µB (MeV) 320 898 747
Pb+Pb R (fm) 10.0 8.4 8.3
0-7% central S/A 23.1 26.8 27.4
E/N (GeV) 0.97 1.39 1.32
χ2/Ndof 89.1/7 64.2/7 22.8/7√
s
NN
= 17.3 GeV T (MeV) 148 293 320
NA49 µB (MeV) 254 534 578
Pb+Pb R (fm) 10.4 9.4 9.1
0-5% central S/A 29.3 31.7 35.0
E/N (GeV) 0.98 1.41 1.27
χ2/Ndof 44.8/10 35.4/10 7.0/10√
s
NN
= 200 GeV T (MeV) 157 239 190
STAR µB (MeV) 25 38 31
Au+Au R (fm) 8.1 8.0 8.7
0-5% central S/A 300 332 324
E/N (GeV) 0.97 1.13 1.01
χ2/Ndof 9.6/7 7.9/7 8.4/7√
s
NN
= 2760 GeV T (MeV) 153 284 330
ALICE µB (MeV) 0 (fixed) 0 (fixed) 0 (fixed)
Pb+Pb R|y=0 (fm) 11.0 9.8 9.3
0-5% central E/N (GeV) 0.93 1.20 1.28
χ2/Ndof 32.9/10 16.6/10 8.8/10
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Figure 1: (Color online) The temperature dependence of χ2/Ndof of fits to data of the NA49, STAR, and ALICE
collaborations on hadron yields in central Pb+Pb and Au+Au collisions within the point-particle HRG model (solid
black curves), the “Diagonal” eigenvolume model (thin dotted blue lines), and the “Crossterms” eigenvolume model
(thick dotted blue lines). The constant ε0 is fixed in order to reproduce the effective hard-core proton radius of 0.5 fm.
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Figure 2: (Color online) The temperature dependence of
χ2/Ndof of fits to data of the NA49 Collaboration on
hadron yields in central Pb+Pb collisions at
√
s
NN
=
8.8 GeV within the point-particle HRG model (solid black
curve), the “Diagonal” eigenvolume model (thin colored
lines), and the “Crossterms” eigenvolume model (differ-
ently styled colored lines). The constant ε0 is fixed in
order to reproduce the effective hard-core proton radius of
0.4, 0.5, and 0.6 fm.
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Figure 3: (Color online) Regions in the T -µB plane where
the “Crossterms” eigenvolume HRG model with bag-like
constant ε0 fixed to reproduce the hard-core radius of
rp = 0.5 fm yields a better fit to the NA49 and STAR
data as compared to the point-particle HRG model. The
locations of the local χ2 minima are depicted by the dia-
monds for the point-particle HRG case, and by the dots for
the eigenvolume HRG. For RHIC energy the light shaded
area additionally depicts the wide T -µB region where χ
2
of the fit to the STAR data within the eigenvolume model
has a broad minimum. The solid lines show the isentropic
curves for the eigenvolume model, which go through the
global χ2 minima.
ent values of rp shown in Fig. 2 is representative for
all other collision energies considered in the present
work. For rp = 0.4 fm the temperature dependence
of χ2 shows two distinct local minima: the first one is
located close to the minimum for point-particle HRG
and the second one is at much higher temperatures
and with considerably smaller χ2. This trend is con-
tinued when even lower values of rp are considered.
For rp = 0.5 fm and rp = 0.6 fm a wide (dou-
ble)minimum structure is observed in the temperature
dependence of χ2 and, at all energies, the fit quality is
better in EV models than in the point-particle case for
a very wide high-temperature range. We note that the
results presented in Fig. 1 for the ALICE energy are
consistent with the recent Ref. [16]. Small quantita-
tive differences are attributed to the use of the Boltz-
mann approximation in the present work. The two
eigenvolume models considered give the same quali-
tative picture, however there are significant quantita-
tive differences, especially at higher temperatures: the
“Crossterms” model consistently gives a considerably
better description of the data.
In order to study the effects of the eigenvolume in-
teractions on the fit values of the baryon chemical po-
tential, we consider the structure of the χ2 of the fit in
the T -µB plane. For the purpose of clarity we consider
just the “Crossterms” model with rp = 0.5 fm. Figure
3 depicts the regions in the T -µB plane where the fit
quality of NA49 data in the EV model is better than
in the point-particle HRG. At all five NA49 energies
wide regions of improved χ2 values are observed at
high temperatures and chemical potentials. We note
a clear correlation between the fitted values of the
chemical freeze-temperature and the chemical poten-
tial: the higher values of the temperature correspond
to higher values of the baryochemical potential. The
thermal parameters at the global minima are listed in
Table I. The values of the temperature at the global
minima monotonically increase with the exception of
the STAR energy. The corresponding values of the
baryochemical potential monotonically decrease with
an exception of a peak at
√
sNN = 8.8 GeV.
Based on the systematic analysis of the hadron yield
data within the point-particle-like formulations of the
HRG it has been suggested that the chemical freeze-
out is universally characterized by the constant aver-
age energy per hadron of E/N ≃ 1 GeV [6]. It was
shown in Ref. [30] that this criterium is robust with
regards to the eigenvolume corrections in the specific
case when all hadrons have the same hard-core radius.
It is interesting to analyze whether such a criterion
holds as well for the bag-like eigenvolume parametriza-
tion considered in our work. The values of E/N at
the global minimum for the point-particle, “Diago-
nal” EV, and “Crossterms” EV with rp = 0.5 fm are
8shown in the Table I. The values of E/N are notably
larger when the eigenvolume corrections are present,
typically E/N ≃ 1.3 − 1.4 GeV. Similar result, i.e.
larger values of E/N , is observed for rp = 0.4 fm and
rp = 0.6 fm. Therefore, one can conclude that the
energy per particle criterium is, in general, not ro-
bust with regards to the modeling of the eigenvolume
interactions if the chemical freeze-out conditions are
determined solely from the thermal fits.
On the other hand, the total entropy per baryon
S/A is found to be much more robust. This can be
seen by looking at the S/A values in Table I, on the
lines of constant S/A in Fig. 3, and on the excita-
tion function of S/A at SPS energies in Fig. 4. It is
seen that S/A remains approximately constant across
the vast T -µB islands of small χ
2, and that S/A in-
creases only by 5-15% when going from the point-
particle HRG to the eigenvolume HRG, in spite of
the massive changes in temperature and chemical po-
tential. It is also quite remarkable that the values of
S/A at the global minimum show almost no depen-
dence on the value of rp. This is best seen in Fig. 4
where the energy dependence of the S/A values for
rp = 0.4, 0.5, and 0.6 fm extracted from- fits to the
SPS data are shown. These results hint towards the
impossibility of fixing one “best” pair of temperature
and chemical potential from a fit to the data: many
T − µB pairs yield similarly good fits. An isentropic
expansion of matter with hadrons being chemically
frozen out across the extended space-time regions is
consistent with this finding. Namely, this implies that
the chemical freeze-out is not a sharp process which
takes place at one freeze-out hypersurface with sim-
ilar values of the temperature and chemical poten-
tial. Rather a continuous process, occurring through-
out the whole space-time evolution of the system cre-
ated in the heavy-ion collisions, and characterized by
a wealth of different values of temperatures, energy
densities, and other dynamical parameters. Such a
picture has been obtained within the transport model
simulations of heavy-ion collisions by analyzing the
space-time distribution of the chemical “freeze-out”
points of various hadrons [47, 48].
In the present analysis we do not determine the un-
certainties of the temperature and chemical potential
extracted from fits to hadron yield data within the
bag-like eigenvolume HRG model. These parameters
depend strongly on the chosen eigenvolumes of the
hadrons, and different parametrizations can give a fit
of comparable quality but with very different values
of T and µB .
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Figure 4: (Color online) The collision energy dependence
of the entropy per baryon ratio S/A calculated from the
HRG model at the global minimum of the χ2 fit to the SPS
hadron yield data. Calculations are done within the point-
particle HRG and within the eigenvolume HRG with mass-
proportional eigenvolumes. The parameter ε0 in Eq. (10)
is fixed to reproduce the effective hard-core radius of pro-
ton of 0.4, 0.5, and 0.6 fm.
E. Fit constrained to low temperatures
As seen from Figs. 1 and 3 one can fit the data sig-
nificantly better than in the point-particle case by em-
ploying the mass-proportional eigenvolume and con-
sidering high values of temperature and chemical po-
tential. However, the interpretation of these results
is prone to controversy: to describe QCD matter at
T > 160 MeV as an interacting HRG with EV, i.e.
with hadronic degrees of freedom, seems to contradict
the consensual paradigm based on the ideal (point-
particle) HRG model established in the community
for decades. Moreover, the high temperature χ2 min-
ima shown in Fig. 1 are excellent fits of the model to
the experimental data; however, the equation of state
of this EV HRG model is plagued by the fact that
the speed of sound takes values of c2s ∼ 1 at the T -
µB values at the global minima for rp = 0.4− 0.6 fm.
The superluminal behavior of the speed of sound is
a known problem of the EV model. Avoiding it re-
quires modifications to the model. Secondly, the pack-
ing fraction η takes high values, typically η ∼ 0.15 at
the best fit locations. At such high values of η the
eigenvolume model may deviate significantly from the
equation of state of the hard spheres model (see, e.g.,
Refs. [32, 49]). Evidently, this suggests that the global
minima locations may lie outside the range where the
model can be applied safely. In this respect it would
be interesting to study the behavior of eigenvolume
HRG at high densities within other EV formulations
9which take care of these issues. Such a study is outside
the scope of the present paper.
The mass-proportional eigenvolume interactions
give a systematic improvement of the fit quality at all
considered collision energies. However, the interpreta-
tion of these results is evidently controversial, for the
reasons listed above. Thus, we also perform an addi-
tional calculation where we restrict the temperatures
from above, in order to get some consistency with the
lattice QCD data.
The lattice QCD calculations reveal a crossover-
type transition between hadronic and partonic de-
grees at µB = 0, with a pseudocritical temperature
Tpc ∼ 155 MeV[50–52]. The lattice data, however,
does not give a direct information about the con-
stituent composition of matter at a particular tem-
perature. Due to the crossover nature of the tran-
sition it is impossible to uniquely define a transition
temperature, which would exclude a presence of the
hadronic degrees above this temperature. For exam-
ple, it was illustrated in [53] that the charm hadron-
like excitations remain dominant degrees of freedom
at temperatures above the pseudocritical one, up to at
least 1.2Tpc (see also [54]) while the Tpc ∼ 155 MeV
temperature suggests only the onset of hadron melt-
ing [55]. Such a picture, a gradual transition from
hadrons to quarks had been advocated before, in par-
ticular in the context of heavy-ion collisions [56].
The thermodynamics of the HRG with mass-
proportional eigenvolumes was considered in Ref. [15]
in the context of the lattice QCD equation of state,
in particular regarding the gradual transition from
hadrons to quarks. In that work a crossover equa-
tion of state of the QCD matter was developed. It
was obtained by smoothly matching two models, an
eigenvolume HRG equation of state at low T and/or
µB and a perturbative QCD (pQCD) equation of state
at high T and/or µB. The total QCD pressure func-
tion at vanishing chemical potential in this crossover
model reads
P (T ) = S(T )Pqg(T ) + [1− S(T )]Ph(T ), (11)
where Ph(T ) is the hadronic pressure modeled by
the eigenvolume HRG, Pqg(T ) is the pressure of the
quark-gluon phase based on the pQCD calculations,
and
S(T ) = exp [−(T0/T )r] (12)
is the so-called switching function. In one of the sce-
narios considered in Ref. [15] the hadronic part was
modeled by the “Diagonal” eigenvolume HRG model
with the mass-proportional eigenvolume (10). The
bag-like constant ε0 was determined from the fit to
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Figure 5: (Color online) Temperature dependence of the
scaled pressure at zero baryon chemical potential calcu-
lated within the crossover equation of state (solid line),
and the “Crossterms” eigenvolume HRG with vi = mi/ε0
and ε0 = 704 MeV/fm
3 (dashed line). The lattice
QCD data of the Wuppertal-Budapest collaboration [51]
is shown by the symbols with error bars.
the lattice data. The best fit was obtained for ε0 =
797 MeV/fm3, which in our notation corresponds to
the hard-core proton (nucleon) radius of rp ≃ 0.41 fm,
and a “switching” temperature of T0 ∼ 175 MeV. Us-
ing the point-particle HRG gives a worse but still a
satisfactory fit to the lattice data at µB = 0, thus,
it seems that values of hard-core proton radius in the
range rp = 0.00− 0.41 fm are all generally compatible
with the lattice data within the mass-proportional EV
model.
Our hadron list is very similar to the one used in
Ref. [15]. On the other hand, we believe that the
“Crossterms” model reflects better the features of the
multi-component eigenvolume systems. In particular,
as previously mentioned, it is consistent with virial ex-
pansion of classical hard spheres equation of state, in
contrast to “Diagonal” model. As seen from Fig. 1 it
also gives a systematically better description of the
hadron yield data. We use the “Crossterms” EV
model and repeat the calculation of Ref. [15] for the
crossover equation of state. For the pQCD part we
use exactly the same model with exactly the same pa-
rameters. They are listed in the second-last row of Ta-
ble 1 in Ref. [15]. We reproduce the result of [15], i.e.
a perfect description of the lattice QCD pressure, by
using the value rp ≃ 0.43 fm (ε0 = 704 MeV/fm3) for
the proton hard-core radius within the “Crossterms”
EV model. The slightly different value of ε0 com-
pared to [15] is attributed to differences between the
“Diagonal” and “Crossterms” models. The resulting
temperature dependence of the scaled pressure P/T 4
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Table II: Summary of the fitted parameters within the HRG models restricted to temperatures below 175 MeV. Chemical
equilibrium is assumed.
System Parameters Point-particle “Crossterms” EV
r = 0 fm ri ∼ m1/3i , rp = 0.43 fm√
s
NN
= 6.3 GeV T (MeV) 137.5 ± 5.3 158.6 ± 14.1
NA49 µB (MeV) 485.7 ± 4.1 555.2 ± 36.5
Pb+Pb R (fm) 7.46± 0.70 7.71 ± 0.59
0-7% central χ2/Ndof 25.6/6 20.2/6√
s
NN
= 7.6 GeV T (MeV) 142.4 ± 3.7 159.4 ± 5.9
NA49 µB (MeV) 427.2 ± 3.7 479.5 ± 12.9
Pb+Pb R (fm) 7.82± 0.41 8.29 ± 0.30
0-7% central χ2/Ndof 31.2/7 23.9/7√
s
NN
= 8.8 GeV T (MeV) 140.0 ± 2.5 151.6 ± 4.5
NA49 µB (MeV) 391.2 ± 5.0 425.1 ± 9.8
Pb+Pb R (fm) 8.83± 0.42 9.21 ± 0.37
0-7% central χ2/Ndof 56.2/8 50.4/8√
s
NN
= 12.3 GeV T (MeV) 141.7 ± 3.1 157.0 ± 8.0
NA49 µB (MeV) 320.2 ± 4.9 347.1 ± 9.3
Pb+Pb R (fm) 10.00 ± 0.54 9.90 ± 0.64
0-7% central χ2/Ndof 89.1/7 80.4/7√
s
NN
= 17.3 GeV T (MeV) 147.9 ± 2.1 160.2 ± 3.9
NA49 µB (MeV) 254.5 ± 4.7 277.4 ± 6.6
Pb+Pb R (fm) 10.44 ± 0.41 10.89 ± 0.37
0-5% central χ2/Ndof 44.8/10 38.7/10√
s
NN
= 200 GeV T (MeV) 157.4 ± 2.3 173.4 ± 5.1
STAR µB (MeV) 25.3± 11.2 27.9 ± 12.7
Au+Au R|y=0 (fm) 8.13± 0.33 8.55 ± 0.32
0-5% central χ2/Ndof 9.6/7 8.6/7√
s
NN
= 2760 GeV T (MeV) 152.9 ± 2.3 165.8 ± 4.3
ALICE µB (MeV) 0 (fixed) 0 (fixed)
Pb+Pb R|y=0 (fm) 10.98 ± 0.47 11.35 ± 0.45
0-5% central χ2/Ndof 32.9/10 27.0/10
is shown in Fig. 5. A very good agreement is seen in
the whole temperature range, in line with results of
Ref. [15]. The dashed line in Fig. 5 shows the purely
hadronic pressure Ph of the eigenvolume HRG. The
bag-like eigenvolume models with rp = 0.4 − 0.6 fm
show a qualitatively similar temperature dependence,
with larger rp values bringing the dashed curve further
down.
Let us now employ the “Crossterms” model with
ri ∼ m1/3i and rp = 0.43 fm to fit the NA49, STAR,
and ALICE data, and impose an additional restric-
tion T < T0 ≃ 175 MeV. This ensures that only the
temperatures where the hadronic part of the QCD
equation of state plays a notable role are considered.
Certainly, due to the crossover nature of the hadron-
parton transition, this value should not and cannot be
regarded as a sharp transition temperature.
Even with the low temperature restriction, the EV
model fits leads to a better description of the data
at all the considered energies, as seen in Table II.
The improvement is modest but systematic. The in-
clusion of the finite EV also leads to some changes
in the extracted parameters: the chemical freeze-out
temperature increases by about 10-15 MeV and the
baryochemical potential increases by about 10-15%.
These changes are significant as they are larger than
the typical thermal fit uncertainties reported in the
literature. The resulting temperature profiles of the
χ2 are all qualitatively similar to the rp = 0.4 fm
curve in Fig. 2. The fit errors of T and µB, obtained
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Figure 6: (Color online) The extracted freeze-out param-
eters within the point-particle HRG, and the case when
eigenvolumes of hadrons are proportional to their mass
with ε0 = 704 MeV/fm
3, modeled by the “Crossterms”
eigenvolume HRG. The parameterized freeze-out curves
from Refs. [11], [30], obtained within the point-particle-
like (including constant eigenvolume for all hadrons) HRG
models, are depicted by lines.
from analyses of the second-derivative error matrices
at the minima, increase notably for the cases with fi-
nite EV. The obtained results also indicate that the
chemical freeze-out curve in T -µB plane has a smaller
curvature in the EV models compared to the one ob-
tained within the point-particle HRG (see Fig. 6). A
similar result was obtained in [57, 58] but by employ-
ing a different mechanism, namely, by considering the
distortion of yields due to the post-hadronization cas-
cade phase. Due to the possibly irregular structure of
the χ2 profiles one should treat the uncertainties for
the extracted freeze-out parameters shown in Table II
and Fig. 6 with care, since they are calculated from
the second-derivative error matrix and are based on an
assumed parabolic behavior of χ2 near the minima.
It is seen that the extraction of the chemical freeze-
out parameters is rather sensitive to the modeling of
repulsive interactions between hadrons even if only
moderate temperatures T < 175 MeV are considered.
As mentioned before, the lattice data for the pressure
does not conclusively exclude any rp in the range of
0.00− 0.43 fm for the bag-like parametrization of the
hadron eigenvolumes. It is also likely that the upper
limit of acceptable rp is even higher. For these rea-
sons the uncertainties in the extraction of the chem-
ical freeze-out parameters remain sizable even when
the lattice constraint is used.
IV. SUMMARY
In summary, the data of the NA49, STAR,
and ALICE collaborations on the hadron yields
in central Pb+Pb (Au+Au) collisions at
√
sNN =
6.3, 7.6, 8.8, 12.3, 17.3, 200, and 2760 GeV are ana-
lyzed within two different multi-component eigenvol-
ume HRG models employing mass-proportional eigen-
volumes for different hadrons. For a proton hard-
core radius of 0.4-0.6 fm, these models describe the
data significantly better than the conventional point-
particle HRG model in very wide regions in the T -µB
plane.
These results show that the extraction of the chem-
ical freeze-out parameters is extremely sensitive to
the modeling of the short-range repulsion between the
hadrons, and they imply that the ideal point-particle
HRG values are not unique. As far as the thermal
fits within the EV-HRG model are concerned, the
constant energy per hadron of 1 GeV criterion pro-
posed in the literature is changing (∼30%) depending
on the modeling of the eigenvolume interactions. On
the other hand, the entropy per baryon extracted from
the data for the different energies is found to be much
more robust: it is nearly independent of the details of
modeling of the eigenvolume interactions and of the
specific T − µB values obtained. This, as well as the
large uncertainties in the extracted T and µB values
suggested by the eigenvolume HRG models, is con-
sistent with the scenario of a continuous freeze-out,
whereby the hadrons are being frozen-out through-
out the extended regions of the space-time evolution
of the system rather than from the sharp freeze-out
hypersurface.
The interpretation of the high values of tempera-
ture and baryochemical potential obtained within EV
fits is prone to controversy. These values do give a sig-
nificant and systematic improvement in the fit qual-
ity. However, the fits are also plagued by an irregular
behavior of the speed of sound, difficulty in reconcilia-
tion with lattice QCD results, and high values of pack-
ing fraction. Thus, the extracted high values of T and
µB should not be interpreted as estimates of chemical
freeze-out conditions, but rather as an illustration of
the hitherto unexplored sensitivity of thermal fits to
the modeling of EV interactions. Even the fits with a
low temperature (T < 175 MeV) restriction inspired
by analysis of the lattice QCD equation of state sug-
gest a strong influence of EV effects on thermal fits.
The fits with this temperature restriction result into
10-15 MeV higher values of the chemical freeze-out
temperature and a systematically improved χ2 com-
pared to the point-particle case.
Hence, the modeling of the eigenvolume interactions
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plays a crucial role for the thermal fits to the hadron
yield data, a fact that had been largely overlooked
in the past. Many possibilities for the parameteriza-
tion of the hadron eigenvolumes exist. It is evident
that proper restrictions on the eigenvolumes of dif-
ferent hadrons are urgently needed. Any conclusions
based on thermal fits must be based not just on the
location of the χ2 minimum and its magnitude, but
rather on the full profile of the χ2. The χ2 may have
non-parabolic structure around the local minima, and
thus, the standard statistical-based estimates of the
uncertainties of the extracted parameters may become
inapplicable.
The analysis is performed within two different
multi-component eigenvolume HRG models: the “Di-
agonal” EV model and the “Crossterms” EV model.
Both models yield qualitatively similar results but
they differ quantitatively. The commonly used “Di-
agonal” EV model is shown to be not consistent with
the 2nd order virial expansion for the equation of
state of the multi-component system of hard spheres,
while technically more complicated “Crossterms” EV
model is. The “Crossterms” model also opens new
possibilities to model the repulsive interactions: it
allows to independently specify the virial coefficient
bij between any pair of hadron species. For example,
one can treat differently the baryon-baryon, baryon-
antibaryon, meson-baryon, and meson-meson repul-
sive interactions. These effects were recently explored
for LHC energies in Ref. [59]. Thus, the “Crossterms”
model is suggested to be used over the “Diagonal” one
in the future analyses employing the EV corrections.
The collision energy range investigated in this work
is relevant for the ongoing SPS and RHIC beam en-
ergy scan programs, as well as for the experiments
at the future FAIR and NICA facilities. The strong
effects of EV interactions should be taken into ac-
count in the future analyses and interpretations of the
hadron yield data.
Acknowledgements
We are grateful to P. Alba, M. Gaz´dzicki,
M.I. Gorenstein, L.M. Satarov, and A. Tawfik for
fruitful comments and discussions. This work was
supported by the Helmholtz International Center for
FAIR within the LOEWE program of the State of
Hesse. Some of the numerical calculations were per-
formed at the Prometheus cluster at GSI. V.V. ac-
knowledges the support from HGS-HIRe for FAIR.
H.St. appreciates the support through the Judah
M. Eisenberg Laureatus Chair at Goethe University.
[1] H. Stoecker, A. A. Ogloblin, and W. Greiner, Z. Phys.
A 303, 259 (1981).
[2] J. J. Molitoris, D. Hahn, and H. Stoecker, Prog. Part.
Nucl. Phys. 15, 239 (1985).
[3] H. Stoecker and W. Greiner, Phys. Rept. 137, 277
(1986).
[4] D. Hahn and H. Stoecker, Phys. Rev. C 35, 1311
(1987).
[5] J. Cleymans and H. Satz, Z. Phys. C 57, 135 (1993).
[6] J. Cleymans, K. Redlich, Phys. Rev. Lett. 81, 5284
(1998).
[7] J. Cleymans, K. Redlich, Phys. Rev. C 60, 054908
(1999).
[8] F. Becattini, J. Cleymans, A. Keranen, E. Suhonen,
and K. Redlich, Phys. Rev. C 64, 024901 (2001).
[9] F. Becattini, M. Gazdzicki, A. Keranen, J. Manninen,
and R. Stock, Phys. Rev. C 69, 024905 (2004).
[10] A. Andronic, P. Braun-Munzinger, and J. Stachel,
Nucl. Phys. A 772, 167 (2006).
[11] A. Andronic, P. Braun-Munzinger, and J. Stachel,
Phys. Lett. B 673, 142 (2009).
[12] R. Dashen, S.-K. Ma, and H. J. Bernstein, Phys. Rev.
187, 345 (1969).
[13] A. Andronic, P. Braun-Munzinger, J. Stachel, and M.
Winn, Phys. Lett. B 718, 80 (2012).
[14] V. Vovchenko, D. V. Anchishkin, and M. I. Goren-
stein, Phys. Rev. C 91, 024905 (2015).
[15] M. Albright, J. Kapusta, and C. Young, Phys. Rev. C
90, 024915 (2014); Phys. Rev. C 92, 044904 (2015).
[16] V. Vovchenko and H. Stoecker, arXiv:1512.08046
[hep-ph], J. Phys. G, in print.
[17] R. Hagedorn and J. Rafelski, Phys. Lett. B 97, 136
(1980); R. Hagedorn, Z. Phys. C 17, 265 (1983).
[18] M. I. Gorenstein, V. K. Petrov, and G. M. Zinovjev,
Phys. Lett. B 106, 327 (1981).
[19] J. I. Kapusta and K. A. Olive, Nucl. Phys. A 408,
478 (1983).
[20] D. H. Rischke, M. I. Gorenstein, H. Sto¨cker, and W.
Greiner, Z. Phys. C 51, 485 (1991).
[21] G. D. Yen, M. I. Gorenstein, W. Greiner, and
S. N. Yang, Phys. Rev. C 56, 2210 (1997).
[22] L. D. Landau and E. M. Lifshitz, Statistical Physics
(Oxford: Pergamon) 1975.
[23] M. I. Gorenstein, A. P. Kostyuk and Y. D. Krivenko,
J. Phys. G 25, L75 (1999).
[24] K. A. Bugaev, D. R. Oliinychenko, A. S. Sorin, and
G. M. Zinovjev, Eur. Phys. J. A 49, 30 (2013).
[25] C. G. Broyden, Mathemathics of Computation 19,
13
577 (1965).
[26] K. A. Olive et al. [Particle Data Group Collaboration],
Chin. Phys. C 38, 090001 (2014).
[27] W. Broniowski, F. Giacosa, and V. Begun, Phys. Rev.
C 92, 034905 (2015).
[28] J. R. Pelaez, Phys. Rept. 658, 1 (2016).
[29] P. Braun-Munzinger, I. Heppe, and J. Stachel, Phys.
Lett. B 465, 15 (1999).
[30] J. Cleymans, H. Oeschler, K. Redlich, and
S. Wheaton, Phys. Rev. C 73, 034905 (2006).
[31] V. V. Begun, M. Gazdzicki, and M. I. Gorenstein,
Phys. Rev. C 88, 024902 (2013).
[32] D. Anchishkin, V. Vovchenko, J. Phys. G 42, 105102
(2015).
[33] G. D. Yen and M. I. Gorenstein, Phys. Rev. C 59,
2788 (1999).
[34] J. Noronha-Hostler, H. Ahmad, J. Noronha, and
C. Greiner, Phys. Rev. C 82, 024913 (2010).
[35] F. Becattini, J. Manninen, and M. Gaz´dzicki, Phys.
Rev. C 73, 044905 (2006).
[36] V. Vovchenko, D. V. Anchishkin, and M. I. Goren-
stein, Phys. Rev. C 91, 064314 (2015).
[37] S.V. Afanasiev et al. [NA49 collaboration], Phys. Rev.
C 66, 054902 (2002); C. Alt et al. [NA49 Collabo-
ration], Phys. Rev. C 73, 044910 (2006); C. Alt et
al. [NA49 collaboration], Phys. Rev. C 77, 024903
(2008).
[38] C. Alt et al. [NA49 Collaboration], Phys. Rev. C 78,
034918 (2008); C. Alt et al. [NA49 Collaboration],
Phys. Rev. C 78, 044907 (2008); C. Alt et al. [NA49
Collaboration], Phys. Rev. Lett. 94, 192301 (2005);
T. Anticic et al. [NA49 Collaboration], Phys. Rev. C
85, 044913 (2012); V. Friese [NA49 Collaboration],
Nucl. Phys. A 698, 487 (2002).
[39] The tabulated hadron yield data of
the NA49 collaboration is available at
https://edms.cern.ch/document/1075059.
[40] J. Adams et al. [STAR Collaboration], Phys. Rev.
Lett. 92, 112301 (2004); Phys. Rev. Lett. 98, 062301
(2007); B. I. Abelev et al. [STAR Collaboration],
Phys. Rev. Lett. 99, 112301 (2007).
[41] J. Manninen and F. Becattini, Phys. Rev. C 78,
054901 (2008).
[42] B. Abelev et al. [ALICE Collaboration], Phys. Rev.
C 88, 044910 (2013); B. B. Abelev et al. [ALICE
Collaboration], Phys. Rev. Lett. 111, 222301 (2013);
B. B. Abelev et al. [ALICE Collaboration], Phys. Lett.
B 728, 216 (2014); B. B. Abelev et al. [ALICE Col-
laboration], Phys. Rev. C 91, 024609 (2015).
[43] F. Becattini, E. Grossi, M. Bleicher, J. Steinheimer,
and R. Stock, Phys. Rev. C 90, 054907 (2014).
[44] J. Letessier and J. Rafelski, Eur. Phys. J. A 35, 221
(2008).
[45] J. Rafelski, Eur. Phys. J. A 51, 114 (2015).
[46] V. Vovchenko, V. V. Begun, and M. I. Gorenstein,
Phys. Rev. C 93, 064906 (2016).
[47] S. A. Bass, A. Dumitru, M. Bleicher, L. Bravina,
E. Zabrodin, H. Stoecker, and W. Greiner, Phys. Rev.
C 60, 021902 (1999).
[48] L. V. Bravina, I. N. Mishustin, J. P. Bondorf,
A. Faessler, and E. E. Zabrodin, Phys. Rev. C 60,
044905 (1999).
[49] K. Redlich and K. Zalewski, Phys. Rev. C 93, 014910
(2016).
[50] Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz, and
K. K. Szabo, Nature 443, 675 (2006).
[51] S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz,
S. Krieg, and K. K. Szabo, Phys. Lett. B 730, 99
(2014).
[52] A. Bazavov et al. [HotQCD Collaboration], Phys.
Rev. D 90, 094503 (2014).
[53] S. Mukherjee, P. Petreczky, and S. Sharma, Phys.
Rev. D 93, 014502 (2016).
[54] T. S. Biro and A. Jakovac, Phys. Rev. D 90, 094029
(2014).
[55] A. Jakovac, Phys. Rev. D 88, 065012 (2013).
[56] H. Stoecker, G. Graebner, J. A. Maruhn, and
W. Greiner, Phys. Lett. B95, 192 (1980).
[57] F. Becattini, M. Bleicher, T. Kollegger, T. Schuster,
J. Steinheimer, and R. Stock, Phys. Rev. Lett. 111,
082302 (2013).
[58] F. Becattini, J. Steinheimer, R. Stock, and M. Ble-
icher, Phys. Lett. B 764, 241 (2017)
[59] L. M. Satarov, V. Vovchenko, P. Alba, M. I. Goren-
stein, and H. Stoecker, Phys. Rev. C 95, 024902
(2017).
